


i.A-UR -80-837 CONY ~ KGO H - -3

TITLE: THE UTILIZATION OF SGLAR THERMAL SOURCES FOR THERMOCHEMICAL
HYDROGEN PRODUCTION *

AUTHOR(S): Melvin G. Bowman MJ@

SUBMITTED TO: Presented at the AS/ISES 1980 Annual Meeting
“The Solar Jubilee - 25 years of the sun at work,"

Phoenix, Arizona, Juine 2-6, 1920. To be published
in the "Proceedings."

*llork supported by the U, S. DOE, Division of Nasic Energy Sciences.

c — DIBCLAMIN . . e . ey
o
e
3
Cofn
o Dy acceptance of this article the publa s recugmizes that the
> US Governnent retasms a nonerclunee, oyalty iee hurme
:.: to piublhish v rejirgul e the pullished! foum of tus contnby:
w won, ot to w othen o do so, far UL Goverteneng pur-
| poves
gz The Los Alaines Szientific Lahe: ooty 1equesia that the padys
» c— hsher wisnuily this article gy work periotmed under (he puy-

o
=

mees of the US Drepanins nt of Ene;ygy,

YENYS=Y
ENT LOS ALAMOS SCIENTIFIC LABCHATORY

Post Office Box 1663 Los Aliamos, New WMexico 07545
An Aftirmative Action/Equal Opportunity Friployor

QI" M pgey o o

form No. 838 R) UNITID STATS S
. N, 2629 MIPANIMINTL OF FNPHGY
12418 LONTIACY W P40Y P 968


About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov


P — e

THE UTILIZATION OF SOLAR THERMAL SOURCES

: FOR THERMOCHENICAL HYDROGEN PRODUCTION

Melvin G. Bowmanr

] Los Alamos Scientific Laboratory
i Los Alamos, HM 87545
. ABSTRACT

The utilization of high temperature solar
heat for the production of c¢lectricily and/or
fuels is a popular concept. However, Sinre
sclar concentrator systems are expensive and
snlar radiation intermittent, practical utili-
zation requires processes that exhibit high
conversion efficiencies and alwo incorpurate
energy storaje. The production of hydrogen
ful fil1s the requirement for enerqy storaqe
ard can fulfill the requirement vor efficient
heat utilization {f thermochemicul cycles are
developed where the ‘cmperature and heat re-
quirements of the process match the heat de-
Hyery characteristics of the solar receiver
system. Cyules hosed an solid sulfate decom-
pusilion reuctions oay toead Lo oy ficion
vtilizatior ol solar heat at practical tem-
peratures. Higher temperature cycles invol-
ving oxide decomposition may also become
feasible,

- 1. INTRODUCTION

The utilization of solar enerqgy for Lhe pro-
duction of fuels and chemicals fy a popular
concepl that appears Lo be attracting an in-
creasing constituency,  Certainly the con-
cept merits serdous consideration dowpite
the fact that solar concentrator sy tems are
expensive and solar heal intermittent, 1
mest be recognized, however that the pracs
tical utilization of hign temperatue: solar
heat will requive cystems and procesues that
“exhibit high conversion efticiencios and that
i also incarporale energy storage,  since hy-
drogen fulf{lly the recuivesent for eneyqgy
itorage, ts {tself an athractive transport-
able fucl and {+ the "prime interandiate” in
the production of mony fueis and chemdealds,
stgnificant etrort whould be ddrected to the
development of hydeogen product ton procousoe,
that interface with Wgh temperature solar
systems tn give efffcient neal vtidication,

The advantages of hydrogen have been gen-
erally recognised and more otfic tent wethods

for utilizing primary heat sources to decom-
puse water are the objectives of cooperative
research and developnent programs under the
International [nergy Agency. The elctrolysis
of water is well known and two of the I[.E.A.
programs are directed toward the development
of more efficient and less costly electrol-
ysis processes. One program is concerncd

with improving the electrolysis of acidic and
basic solutions at relatively low temperatures.
The second {s concerned with the high tempera-
ture electrolysis of steam where stabilized
zirconia serves as a solid electrolyte (1).
However, efficiencies for ele~tralytic hydro-
gen production will he limited Ly efficiencies
for producing cloctrigity and {t dc cleap

that adaptation of exasting power prodiuction
methods to solar heat sources will give low
efficiences. Therefore, the developuent of
more efficient, high technology processes for
efficient power production will he nccessary
before electrolysis can be couploed to solar
heat sources in a realistic way.

One of the important 1.L.A. programs for
hydrogen production 1s concerncd with coupling
thermochemical and hybrid thermochemical

water splitting cycles to primary heal sources.,
ThHis 1.0 A activity reflectys the wide rocog-
nition that thermochemical cycles offer the
promise of high efficiency for the utilization
of high teapecature provess heat Lo Jdecompose
water, 1t is also dmportant to note that the
development of thermochemical cycles specifi-
cally for solar heat sources has been fden-
tified vecently as one of the areas for coop-
eration under the A, agreement. on hydroqen
praduction,  Thus, 1t {4 realized that Lhe
rharacteristics of the heat delivery will
determane the criteria requived 11 the procose,
fn to couple eftfciently with the solar con-
centrator.  The purpose of thig paper {1y Lo
detine the "fdeal writeria” to describe

valid cycles developed over the years in Lerms
of the criteria and to examine cycles being
cons ddered tor adaptation to high temporature
salar heat.



2. CRITERIA FOR IDEAL CYCLES

One method for defining thermodynamic criteria

for efficient cycles, in terms of "ideal"
enthalpies and entropies has been presented
severai times. It is presented again here as
background for the sclection of thermochem-
1cal cycles “rr solar heat sources.

. Consider a two-step (single temperature cycle)

process In which a reactant (R) reduces water
at a low temperature (T,) to evolve hydrogen
and form the compound Ra (R may also be an
oxide), followed by thermal decomposition of
RO at high temperature (T,) with the evolution
of oxygen. The reactiong can be written as:

R+ H0-RO +H, at T,
RO» R+ 1/20,atT,

If /n ideal cycle is considered to be one in
which 4G% = 0 for all reactions, and if one
utilizes the approximation

0 . @ _ = A0
BGr = Magg = T ASp9g

“i{deal" values for entropies and heats of for-
mation of the compound RO are approximately
defined by the expressions:

AGS (H,0)
"ideal" F 2

m‘,_? v A9 x T,

o B
Mg

“{deal"

where AGOT (H,0) 1s the free ererqy of for-
mation of watdr at T, (the 1nw temperature).
To 1liustrate, 1f we assume T, - 4C0 K

(vhere AGR(H,0) ~ P24 &J). and assume dif-
ferent LtompPratures for T, the corresponding
parameters computed tor RO are 1isted in
Table 1.

Table 1.

T, -057 (RO) - (RO)
1200 200 Ji-) 336 kJ
1500 204 06
2000 10 280
2500 107 268

Since entropies of formation of oxides (por
oxyyen d}um) are characteristically near
=100 J%=1 {1t iy ¢lear that very high tempera-
tures will be required for two-step ngldo
cycles,  This obnervation Iy the basis tor
published statements that tyn-ntep cyeles
are not feasib: . Actually, two=step yclos
are possihle, o principleg sven for rela-
tively low maximum tempervatures §F one can
fdentify usable veactions with the pecoysary
large entropy changese 1L should he empho -
stzod that the enlropy changes Visted are
minimem absolute values,  low temperature

reactions cannot be expected to occur ata rea-
sonable rate unless the free energy change is
significantly negative. Thus, low temperature
reactions must be more exothermic than inai-
cated and, consequently, the hich temperature
reactions will be more endothermic.

3. OVERVIEW OF CYCLE DEVELOPMENT

Durir.j the past few years, thermochemical hy-
drogen production has been a popular topic

and 1iterally hundreds cf cycles have been
proposed and published. Unfortunately many
of the pi-oposed cycles are not thermochemi-
cally valid and a large fraction of those
based on sound thermocheristry have been found
to exhibit slow rcactions. Thus, it is not
surprising that ncst of the cycles given
serious developm:ntal efforts were not nrigi-
nally identified by application of the
criteria described above. However, the cri-
teria can be used to determine whether cycles
that have becn demonstrated experimentally are
suitable for adaptation tu solar heat sources.

3.1 Halide Hydrolysis Lycles

For several years rost of the process develop-
ment effort on thermochemical cycles was de-
voted to the iron chloride cycle. Scveral
different laborataries appeared to claim
origin of the cycle. Tie Irstitute of Gas
Techneloay version ci the sycle mey he do-
scribed by the following equations (2).

3FeC'I2 + 4”20 -r0304 + GHCY + H2
Fe30

M)
(-]
(3]
(4]

With r poct to the criteria doseribed above,
thwe cyule is not attractive for any heot
source,, The /S for reaction 1 §s about

315 JK™',  Thiy 1s larger than the {deal value
isted for a 1200 K ecycle {the tenperature
quated for veaction 1), but the yield for the
reactfon i3 low which fnplies that ‘0 for the
reaction 4 much lavger than the fdeal value,
In add{tion, veacoions 3 ona 4 are also endo-
thormic wiih positive entyopy chanaes,  Reac-
tion 3 mst be conducted an a cvelic decompo-
s{tion with low yic d in ecach cycle, The
hydroges {rom veaction 1 i mixed with hydro-
uen Ahloride and the necessary separation step
roquires addit tonal eaxpenditure of orevgy,
Finally, a sgaseous separvat fen of oxygen and
chlorine {4 necessary after reaction 4,

s ! GHC1 'ZTcC13 + FeClz 4 4"20

?FuC13 -ZFQCIZ + C]z
Clz + “20 » 2HCY + ]/2 02

AMternate versions of the fron chloride cyele
were promoted ot different laboratories and
other cycles Invalving hal fde hydrolysis
reaction. were oxperimentally demonstrated,
Some of the (ygles avolded part of the
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'difficulties listed for the iron chloride
rcycle, but none approximate the criteria
rneeded for high efficiency and none appear to

.be attractive for use with a snlar heat source.

.0f course, new halide cycles that incorporate
‘practical solutions to the above problems
.might still be developed.

3.2 Oxide-Sulfate Cycles

‘These cycles were developed from attempts at
LASL to use the criteria described above to
jdentify cycles with a minimum number of reac-
tion steps and maxinmum temperatures below
1300 K. Since .\SY values for decomposition
reactions ir rease with the number of gaseous
molecules evolved, studies were directed to-
ward cycles involving the decomposition of
sulfates (3). The concept can be illustrated
by the following equations:

MO + S0, + SO, [5])
MSO, + 1,0 MSO, + H, [6]
MS0, -~ MO + 50, + 0.5 0, (M

Equations 5 and 6 represun5 low temperature
reactions. The typical ~S” of the overall
sulfate decomposition, reaction 7, is
~275-290 JK'1, This suggests the possibility
of 1 two step cycle with an "ideal" tempnra-
ture difference of H00Y Letween fow and high
tenperature reactions {(sce Tabie 1).  Gf
course, larger temperacure ditferences wou!d
be necessary. It should be noted that reac-
tions 5 and 6 do not represent equiltibrium,
However, most sulfites form and decompose
without evidence of the cquilibrium reac-
tions. Therefore, we were encourayed to
“attempt to promole reaction 6 in many Jdif-
ferent sulfate systoms representing a wide
range of stabilrty, Our rewults have never

cincluded significant hydrogen yields, In

mast cases, the coullibrium reactions (sul-

“fur or sulfide formation) were also not ob-

served,

As a variation of sulfate cyclos we also
studied cycles based on the formation and

tdecomposition of sulfueic acid,  Several

reactions to form sulfuric acld solutions
were promoted sudccosstully,  Such cycles are

ceurrently recelving the major fraclion of

the worldwide development offort commitLed
to thermochemical hydrogen processes, 1L
should be noted that the overall decomposi-
tion of sulturic actd includey a solution
concentration step, an evaporation step Lo
form H?SU (1), a docompostition step Lo form
H,0(g) “piids S0 (g) and the decomponition of
SO. Lo form S0, plu. S O, Since homoy-
endous decompofition reactions oecur over
stgnificant ranyes of tesperature, the over-
all process aceepts heat over a wide temperas-
ture range with the e shiam tomporature de-
pendent on the prosaare of the systen, It
should also be noted that these processes

yield the acid in aqueous solution and signif-
icant energy is required to concentrate the
acid prior to the decomposition step. Thus,
sul furic acid cycles are compatible with the
heat delivery characteristics of gas-cooled
reactr.,s. However, if sulfuric acid cycles
are coupled to solar heat sources, the unique
features of such heat sources (higher tempera-
tures and the availability of iscthermal heat)
will be compromised and potential higher
efficiencies may be sacrificed. One possible
method for utilizing the unique heat delivery
characteristics of solar systems and also
minimizing low temperature heat requirements
for sulfuric acid systems involves reacting
the sulfuric acid solution with a ..tal oxide
to form an insoluble sulfate. For highest af-
ficiencies, tre metal sulfate should be insolu-
ble, should not faorm a hydrate and should not
require excessive reat for its decomposition
(1.e., should decompose near the SO. decompo-
sition temperature). The LASL bismath oxysul-
fate cycle is an example of the application

of the concept to the hybrid sulfuric acid
cycle. It may be described by the reactions:

S0, + 2H,0 ~11,50, + H, (8]
H?SO4 + 81202504 »8120(§04)2 + H,0 (9]
Bi,0(50,),, »Bi,0,50, + s0, + 0.5 0, (0]

Reaction 8 represents the electrochemical reac-
ticn tc form dilute sulfuric agid and hydro-
agen, Reaciion 10 is an endothermic reaction
with AGO near zcro at 1050 K and a heat re-
quirement of about 270 kJ for each mole of

S0, produced, It should be apparent that the
hegt requirement for reaction 10 is much

lower than that required for the high tempera-
ture step of a two step cycle. OF course,

the additional conerqy necded is part of the
large enrrqy requiradment for the overall pro-
cess of forming sulfuric acid and evolving
hydroden whather it is via an electrochemical
step or whether it includes a sub-cycie to
form and decompose a hydrogen halide. Un-
fortunately, the energy involved in forming
sulfuric acld is higher than desired and one
imortant arca for further rescarch is the
development of methods to minimize this

energy reauirement,

It seems probable that bismuth may not prove
to be the best candidate for sulfate cycles,
In addition to the fact that biwauth 1s quite
expensive, thern is the possibility that a
e stable sulfate will be betlor sulted to
reducing the energy requived for some over-
all process to form dilute sulfuric actd and
evolve aydrogen,  The eiimination of sulfuric
actd as an intermediate might be sufficiently
Advantayenus to fustify use of more stable
sulfates that requive isothermal heat at
temperatures ncar the practical maxfmum for
solar concentrator systean, T, continuing
rescarch on sulfate systems is a part of the
LASL program,



4. HIGH TEMPERATURE CYCLES

The high stagnation temperatures quoted for
solar furnaces appear to be the basis for

some of the very high temperature water split-
ting cycles that have been pronosed. For ex-
ample the decomposition of H,0(g) has been
proposed mmany times even though it is clear
that the Tow entropy change ussociaied with
this homogeneous decomposition reaction im-

"plies a low reaction yield even for the

maximum credible temperature listed for a
practical solar heat source. This was recog-
nized by Fletcher and Moen (4) who proposed
operation at low pressures to enhance reac-
tion yields. They also recognized the neces-
sity of separating the hydrogen and oxygen at
tenperature in order to avoid the extremely
rapid back reaction as the gases are cooled
and proposed a separation based on the dif-
ferences in effusion rates through a ceramic
membrane or gauze., However, for temperature
limitations imposed by materials pronerties
as well as radiation losses, decomposition
yields remain low (even for the proposed low
pressures) and realistic assessments indicate
efficiencies for heat utilization are too low
for practicality.

The dir_ct thermal decomposition of carbon

-dioxide secms to oiier advantages over water

decomposition fcr a high temperature process
sTnce, at tenperatures above 1:00 K, decom-
position yiclds coo significanyly higher,
T1ne dry gases coula be quenchea to |ower

. temperatures by means of a noz’le expansion

without excessive back reacticn. However,

- in order for this process to be of value, a

practical low touperature method for separa-
tingcarbon monoxide from oxyyen and for sepa-

“ rating carbon dioxide Trom hydrugen would

be required. Further, it would be nevessary

. to dry the carbon dioxide Lefore each high
. temperature step since traces of water great-
: 1y accelerate the oxyjen-carbon monoxide

reaction at high temperature,

In summnary, it scems probable that the prob-
lems associaled with the direct decomposition

' cycles are, and will contirue to be, 0re
S difficult than problems associated with in-

cluding addlitional reactions in cycles that
permit lower Lewmporature operation and still
yleld high efficliencics if the ideal cycle
criteria can be approximated,

4.1 Oxide Decomposition Cyeies

A two-stiep 1ron oxide waler splitting cycle

has been proposed several timos for use with

high temperature solar heat,  The oyele

may be described by the following reactions:
3rc0 4 1,0 - Teq0, [11])

Fe,0, » 3cd 0.5 0, [12)

Reaction 1] is a known reaction. Reaction 12
(1f written as a solid decomposition) exhibits
one of the largest entropy changes known for
this type of recaction. However, as Tofighi
and colleaques found (5), Fe,0, melts before
it decomposes and oxygen cvo?u%ion occurs

over a relatively narrow liquid homogeneity
range at 2150 K. This is unfortunate, per-
haps, since suitable candidates for this type
of cycle have not been identified, Indeed, at
the present time, attractive multi-step cycles
that include a solid-solid oxide decomposition
step have not been developed.,

A second type of two-step, oxide cycle includes
a solid decomposition reaction to form two
gaseous products rather than a condensed phase
and gaseous oxygen, The extra gaseous product
increases the decomposition entropy and this
implies a lower temperature process. The con-
cept car be illustrated by the following equa-
tions for a cadmium oxide cycie:

Cd + H,0 > CdO + H, [13]
€dO(c) + Cd(g) + 0.5 0, [14]

This cycle has been proposed scveral times
(and even patented) despite the fact that,

for published thaermochemical data, reaction 13
should not be expected and, in fact, does not
occur, However, in 1976 Panytorn (6) of IGT
described an electrochemical method for pro-
woting the reaction., The proposed cycle wds
not develojird 1nto an actual process since
projected gas cooled reactors {the "targot"
heat sources at that time) wore not suitable
for the high temperature isothermal step, even
for the lower (dO decomposition temperatures
sometimes reported, The cycle is now receiv-
ing renewed a.tontion at IGT for use with a
soiar hcat sourwe.

At LASL, a "purce” thermochemical cycle is un-
der study that al.o incorporates the decom-
position of cadwium v¥' .0 (7). 1t way be
described by the follu.ing reactions:

Cd + 1,0 + €O, - CdLOy + [15]
CdC0y + CdO + €O, (18]
cdo - cd(g) + 1/2 0, (17
cd(y) 9 ca(e) 23K cyre) (1]

Peaction 15 to form the carhonate does take
place, but the yield is limited hy the for-
mation of a protective layer of carbonate on
the cadmium motal., Hewever, epcoraging re-
sults have been achioved in reactions wheee
NHQCI fs uned as a cotalyst for the reaction.
Thd cadmium ovide basea cycles of for the
potential for high efiiciency {1

(1) Solar heat can be o lized offoectively for

the oxide gecmposition step at tempera-
tures near 1600 K,



-~ (2) The back reaction between cadmium vapor

. and oxygen is sufficiently slow.

(3) The low temperature reaction can be con-

' ducted at a practical rate and the re-
sultant solid does not adsorb or occlude

i too much water.

Certainly, one should add that the decomposi-
tion step requires a temperature that will
probably no. be available soon from practical
solar process heat systems and that problems
of reactor materials for such high tempera-
tures may be very difficult. ‘Mevertheless,
the cadmium cycles appear to orfer sufficient
promise to justify additional development.
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